Introduction
Current standard therapy for full-thickness injuries, like chronic wounds or burns, is transplantation with autologous skin grafts. In the last decade, epithelial sheets cultivated with keratinocytes and dermal fibroblasts were typically used for engraftment of patients with extensive skin injuries (Atiyeh and Costagliola, 2007) . Although they appeared very promising, several limitations occurred over time, such as long culturing periods, low rates of cellular viability, risk of infection, and high cost (Lootens et al., 2013) . Moreover, cell division arrest was reported after 30 to 40 population doublings, thus limiting the life span of keratinocytes in culture (Chapman et al., 2010) .
Stem cells represent a viable therapeutic alternative for skin repair due to their specific properties of self-renewal, high proliferation rate, and ability to develop terminally differentiated cells (Markeson et al., 2013) . They can be easily isolated, in vitro multiplied, and used in autologous methodologies of regenerative medicine without the risk of tumor development (Silva et al., 2013) . Many studies have reported isolation of mesenchymal stem cells (MSCs) from bone marrow (Bara et al., 2014) , adipose tissue (Brzoska et al., 2005) , or Wharton's jelly (Crisan, 2013) , and their differentiation in cells of mesodermal origin like osteocytes, adipocytes, chondrocytes, and myocytes. Little research was focused on MSC differentiation into ectodermal lineage, like epidermal cells, in order to develop stem cell-based skin therapies (Zuk, 2013) . To our knowledge, the mechanisms of adipose tissue-derived stem cells (ASCs) transdifferentiation into skin cell lineages and their therapeutic effects are currently discussed (Derby et al., 2014) .
The present study aimed to investigate the capacity of human ASCs to differentiate in vitro into a keratinocyte lineage, using specific induction medium containing a mixture of growth factors. The expression of distinctive keratinocyte markers was analyzed by immunofluorescence and RT-PCR. Additionally, the interaction between ASCs and HaCaT keratinocytes was investigated in two coculture assays using a viability test, light microscopy, and flow cytometry techniques.
Materials and methods

Cell line and materials
The HaCaT cell line of in vitro spontaneously transformed keratinocytes from normal human skin was purchased from AddexBio (USA) and the RPMI-1640 culture medium was obtained from Invitrogen (USA). Dulbecco's modified Eagle medium (DMEM) and alpha minimum essential medium/F12 (α-MEM/F12), fetal calf serum (FCS), penicillin, streptomycin and neomycin mixture (PSN), other cell culture reagents, the antibodies, and all the chemicals of analytical grade were purchased from Sigma-Aldrich (Germany), unless otherwise specified.
Isolation and culture of human ASCs (hASCs)
Human subcutaneous adipose tissue was harvested by the liposuction procedure, performed on a healthy donor with informed consent, complying with the norms of bioethics. The tissue was processed according to standard protocols. Briefly, the lipoaspirate was extensively washed with sterile phosphate-buffered saline (PBS) and was digested with 1.5 mg/mL collagenase type I at 37 °C, with gentle agitation, for 1 h. The stromal cell fraction was obtained after centrifugation at 3000 rpm for 10 min and it was further cultivated in α-MEM/F12 culture medium, supplemented with 20% FCS and 1% PSN. The hASCs at passages 2-4 were used for the following experiments.
Morphology and immunophenotyping of hASCs
Isolated cells were seeded in culture plates and cultivated in standard conditions, for 5 and 14 days, respectively. In order to observe hASC morphology, the culture was visualized and photographed using an Axio Observer D1 microscope (Zeiss, Germany). The hASC phenotype was analyzed on trypsin harvested cells washed with PBS and incubated with antihuman CD73 and antihuman CD105 antibodies conjugated to phycoerythrin (PE), and anti-CD90 and anti-CD34 antibodies conjugated to fluorescein isothiocyanate (FITC) (Abcam, UK) in the dark for 30 min, according to the manufacturer's protocols. Flow cytometry was performed using BD LSR II equipment (Becton Dickinson, USA) and the data were analyzed with FlowJo vX 0.7 software.
Differentiation of hASCs into epidermal keratinocytes
The hASCs were seeded in 6-well culture plates, at a density of 1.3 × 10 5 cells/well and cultivated in specific induction medium consisting of DMEM supplemented with 10% FCS and 1% PSN, containing 10 ng/mL epithelial growth factor (EGF) and 10 ng/mL keratinocyte growth factor (KGF) (Miltenyi Biotec, Germany), 5 µg/mL insulin, 0.5 µg/mL hydrocortisone, and 1.5 mM calcium chloride. The plates were cultivated in standard conditions for 21 days, with culture medium change every 2 days.
Cell morphology
The process of hASC differentiation was monitored every 2 days by culture examination at a DMIL microscope (Leica Microsystems, Germany). In parallel, the morphology of HaCaT keratinocyte cells cultivated in RPMI-1640 culture medium supplemented with 10% FCS and 1% PSN was periodically observed during the 21 days.
Immunofluorescence
Immunofluorescence staining of cytokeratin 19 (CK19), involucrin (IVL), and vimentin (VIM) markers secreted by the analyzed cell cultures was performed using specific antibodies, as previously described (Asai, 2008) . Briefly, cells were fixed in 4% (v/v) paraformaldehyde for 20 min and permeabilized with Triton X-100 at room temperature for 10 min. An incubation step with 1% (w/w) BSA in PBS containing Tween 20, for 30 min, was used to prevent nonspecific binding. Then, cells were incubated with mouse antihuman CK19, IVL, and VIM primary monoclonal antibodies (Santa Cruz Biotechnology, USA), diluted 1:100, for 60 min, followed by incubation with goat antimouse IgG secondary antibody conjugated to FITC, diluted 1:100, in the dark, for 50 min. Cell nuclei were counterstained with 0.5 µg/mL 4' ,6-diamidino-2-phenylindole (DAPI) solution and the samples were examined under an AxioStar Plus fluorescence microscope (Zeiss).
Reverse transcription-polymerase chain reaction (RT-PCR)
CK19 and IVL expression was analyzed at the gene level by RT-PCR, as previously described (Baharvand et al., 2007) . Briefly, RNA was isolated using TRIZOL reagent, according to the manufacturer's instructions (Sigma Aldrich). The complementary DNA (cDNA) was synthesized using GoScript reverse transcription system (Promega, USA) and oligo-(dT) primers. The reaction was performed at 42 °C for 60 min and terminated by heating at 70 °C for 15 min. The cDNA template was amplified by PCR using GoTaq Flexi DNA polymerase (Promega) and the following primer pairs: CK19-forward 5′-TCC CGC GAC TAC AGC CAC TAC TAC ACG ACC-3′, reverse 5′-CGC GAC TTG ATG TCC ATG AGC CGC TGG TAC-3′; IVLforward 5′-GTT CCT CCT CCA GTC AAT ACC CAT C-3′, reverse 5′-CTT CAT TCC CAG TTG CTC ATC TCT C−3′; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-forward 5'-AAC GGA TTT GGT CGT ATT GG-3' , reverse 5'-AGG TCC ACC ACT GAC ACG TT-3' (Invitrogen). PCR was performed in a PTC-100 thermal cycler, for 30 cycles. PCR products were separated by 2% agarose gel electrophoresis and stained with ethidium bromide. GAPDH served as internal control.
Cell proliferation assessment in hASC-HaCaT Transwell coculture
The effect of cell secreted factors on the proliferation rate of each cell population was investigated using a Transwell permeable system. Briefly, HaCaT cells were seeded in the basal compartments of a 12-well plate, at a density of 7.5 × 10 4 cells/well, and hASCs were seeded in the apical compartment, on a polycarbonate membrane insert with a 0.4 µm pore size, at a density of 2.5 × 10 4 cells/well. Cells were cultivated in RPMI-1640 medium and plates were incubated in standard conditions, for 24 h and 72 h, respectively. Cell proliferation was evaluated for each culture using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Craciunescu et al., 2013) . Rinsed cells were incubated with fresh medium containing MTT (2.5 mg/mL), at 37 °C for 3 h. Then, 500 µL of isopropanol was added to each well to dissolve the formazan crystals by gently shaking the platform for 3 h. The colored solution was transferred to a 96-well plate and the optical density (OD) was read at 570 nm, using a Sunrise microplate reader (Tecan, Austria). The registered values were directly proportional to the number of viable cells. The hASCs and HaCaT keratinocyte cells were separately cultivated, at the same densities and in the same conditions, to serve as controls. The results for three independent experiments were reported as percentages of the corresponding controls, considered to be 100%.
Morphology and cell cycle analysis in hASC-HaCaT direct coculture
Suspensions of hASCs and HaCaT cells were mixed in the ratio of 1:3. They were then seeded in 6-well culture plates, at a density of 1 × 10 5 cells/well, and were cultured in RPMI-1640 medium, supplemented with 10% FCS and 1% PSN, in standard conditions. After 24 h and 72 h of direct coculture, photomicrographs were taken using an AxioStar Plus microscope (Zeiss).
For cell cycle analysis, the cells were fixed in 70% (v/v) ethanol at 4 °C for 24 h. Then, the cells were washed in PBS and incubated with RNase A solution (Promega) at 37 °C for 30 min. After rinsing, the cells were stained with 50 µg/ mL propidium iodide solution (BD Pharmingen, USA) in PBS at 4 °C for 30 min and analyzed with BD LSR II flow cytometer (USA). Monocultures of hASCs and HaCaT cells were separately cultivated at the same densities and served as controls, in order to distinguish between the two overlapping cycles and to establish the acquisition parameters. Cell cycle data were analyzed using MODFIT LT 3.0 software (Becton Dickinson). Three experiments were performed for each cell control and coculture.
Statistics
The results were presented as means ± standard deviation (SD) for three independent samples (n = 3). Statistical analysis of the data was performed using the one-tailed paired Student's t-test, on each pair of interest. Differences were considered statistically significant at P < 0.05.
Results
Isolation and characterization of hASCs
The method used in our study for stem cells isolation from lipoaspirate was fast and simple, based on tissue enzymatic digestion and the separation of stromal cell fraction by centrifugation. The hASCs were expanded in vitro, in standard conditions of cultivation, to reach a confluent cell monolayer, and several passages were performed. Phase contrast micrographs of hASCs showed that the cells adhered well to the plastic culture plates, proliferated rapidly, and formed colonies that grew and became a homogeneous population of viable cells ( Supplementary  Figure 1; on the journal's website). Cultured cells displayed a spindle, fibroblast-like morphology, characteristic for the mesenchymal cell phenotype.
The expression of specific surface proteins in the hASCs was analyzed by flow cytometry, according to the recommendations of the International Society for Cellular Therapy (Dominici et al., 2006) . The recorded histograms showed that the cells were positive for CD73 (98.8%), CD90 (93.5%), and CD105 (71.4%) markers, and negative for the hematopoietic marker CD34 (Figure 1 ). These results indicated that isolated hASCs expressed only the surface markers typical for the mesenchymal cell phenotype.
hASC differentiation into keratinocyte lineage
The cultivation of hASCs in specific differentiation medium (containing a mixture of growth factors, insulin, hydrocortisone, and calcium salt) was monitored in comparison with the HaCaT keratinocyte cell line and hASCs cultivated in normal media as controls. Cell morphology and keratinocyte specific marker expression were evaluated after 21 days of in vitro culture.
Phase contrast micrographs showed that hASCs cultivated in differentiation medium presented cells with polygonal-shaped morphology, similar to that of HaCaT keratinocyte cells and cells with fibroblast-like appearance, characteristic to the mesenchymal cell phenotype ( Figure  2A ). These morphological changes were observed after 14 days of cultivation. The tendency of the hASCs to cluster and their sheet-like growth (Figure 2A ) indicated an ongoing epidermal differentiation process.
The expression of keratinocyte differentiation markers (CK19 and IVL cytoskeletal proteins) in hASCs cultivated in differentiation medium for 21 days was investigated by immunofluorescence staining. The recorded micrographs are presented in Figure 2B , next to those of HaCaT keratinocyte cells and hASCs cultivated in normal culture medium as controls.
Fluorescence microscopy images showed that differentiated hASCs expressed both CK19 and IVL markers, similar to HaCaT keratinocyte cells and unlike hASCs cultivated in normal culture medium ( Figure 2B ). In contrast, VIM protein was detected only in hASCs cultivated in normal culture medium and revealed its expression through cells with mesenchymal phenotype ( Figure 2B ). These results indicated that hASCs cultivated in medium with specific growth factors lost their mesenchymal phenotype and underwent a transition to keratinocyte phenotype.
RT-PCR analysis showed CK19 and IVL mRNAs expression in hASCs cultivated in differentiation medium and HaCaT keratinocyte cells, but not in hASC control culture (Figure 3 ). Higher expression of CK19 mRNA was recorded in both cultures as compared with IVL mRNA expression (Figure 3) . RT-PCR results confirmed the immunofluorescence data on protein expression at the gene level. Both approaches demonstrated that hASCs were induced towards the keratinocyte lineage after in vitro cultivation in specific induction medium.
Interaction between hASCs and HaCaT keratinocyte cells in coculture assays
In our study, two coculture assays were used to mimic the in vivo interaction of hASCs and HaCaT keratinocytes: one was conducted in a Transwell system and the other by cell-to-cell direct contact. Firstly, we evaluated the cell proliferation of each population cultivated in the compartments of a Transwell system by an MTT test. The results presented in Figure 4 showed a significant (P < 0.05) increase in cocultured HaCaT cell proliferation (~118%) as compared with HaCaT control cells (100%) at 24 h and 72 h of cocultivation with hASCs. Moreover, cocultured hASCs presented a steep proliferation rate (129.8%), after 24 h of coculture and a high value of cell proliferation (118.5%), similar to the HaCaT cells (118.2%), after 72 h of cultivation. Both values of hASC proliferation in coculture were significantly (P < 0.05) higher than those of the corresponding hASC controls, considered to be 100%. In a second experiment, hASC-HaCaT direct coculture was investigated for cell cycle distribution by flow cytometry analysis and for morphological appearance by microscopy observations. Cells harvested from direct coculture were first analyzed for changes in the distribution of cell cycle phases and DNA content by flow cytometry, after 24 h and 72 h of cultivation. They were compared to corresponding monocultures of hASC and HaCaT cell populations, cultivated at the same densities and used as controls. The results showed that, after 24 h of cultivation, the percentage of cocultured HaCaT cells in G0/G1 phase (54.69%) was similar to that of HaCaT control cells (54.1%), while the cell percentage in G2/M phase (22.5%) was significantly (P < 0.05) increased as compared with the control HaCaT cells (10.95%) (Figures 5A and 5B) . After 72 h of cocultivation, a decrease in HaCaT cell DNA content in the G0/G1 phase (46.83%), concomitant with a significant (P < 0.05) increase in the G2/M phase (23.64%), was observed ( Figure 5B ). Analyzing the cocultured hASC population at 24 h and 72 h of cultivation, we registered a significant (P < 0.05) increase in cell percentage in the G2/M phase (34.21% and 11.37%, respectively) as compared with the hASC controls (22.66% and 5.01%, respectively) ( Figures 5A and 5B) . Cell morphology micrographs indicated that both populations adhered to the culture plate and presented their characteristic phenotype after 24 h of direct cocultivation ( Supplementary Figure 2A) . Thus, it was noted that HaCaT cells were polygonal, with clear and abundant cytoplasm, and were arranged in cobblestone shapes. The presence of hASCs cocultured in lesser cell density was observed around the HaCaT cell colonies, due to their elongated shape. After 72 h of cultivation, HaCaT cells proliferated and produced large colonies of compacted polygonal cells that were surrounded by spindle-shaped hASCs (Supplementary Figure 2B) . Both cell types cultured in direct contact presented a good proliferation rate after 72 h of cultivation, producing an almost complete monolayer (85%-90% of the culture plate surface was covered by cells).
Discussion
Adipose tissue was increasingly used for ASC isolation, since it is the richest source of regenerative stem cells (Gimble and Guilak, 2003; Niyaz et al., 2012; Zuk, 2013) . However, there were discussions on the variance of cell surface marker expression in ASC culture during cell passages (Kakudo et al., 2014) . In several studies, ASCs were characterized by the expression of CD73, CD90, and CD105 cell surface markers, typical for the mesenchymal phenotype, and the lack of CD11b, CD14, CD19, CD34, CD45, and CD79a cell surface markers (Chamberlain et al., 2007; Ryu et al., 2013; Yan et al., 2013) . Furthermore, isolated ASCs showed adhesion to plastic and differentiation capacity towards different cell lineages (Chamberlain et al., 2007) . In our study, hASCs were isolated from human lipoaspirate and presented typical characteristics of the mesenchymal phenotype, i.e. spindleshaped morphology, adherence to plastic ( Supplementary  Figure 1) , and were positive for CD73, CD90 and CD105 markers, and negative for CD34 (Figure 1) . The detection of a very low level of the CD34 marker in hASC culture at passage 2 (Figure 1 ) could be due to circulating blood cells, endothelial cells, pericytes, adipocytes, and smooth muscle progenitor cells present in the stromal vascular fraction, as previously reported (Ryu et al., 2013) .
Several studies were directed towards hASC differentiation into nonmesenchymal lineages, such as smooth muscle cells (Xu et al., 2005) , cardiomyocytes (van Dijk et al., 2008) , hepatocytes (Lue et al., 2010) , or renal epithelial cells (Baer et al., 2009 ). This study showed, for the first time, that isolated hASCs were differentiated into epidermal keratinocyte cells using a culture medium formulation based on several stimulators, including calcium chloride, insulin, hydrocortisone, EGF and KGF, playing different roles. It was previously demonstrated that calcium was the main factor involved in the control of in vitro keratinocytes differentiation (Hennings et al., 1980) , while hydrocortisone stimulated cornified envelope formation in the late stage of this process (Ponec and Boonstra, 1987) . The growth factors selected for our study were reported as modulators of multiple cellular actions, EGF exerting an effect on ASC differentiation, and KGF being involved in epidermal differentiation and proliferation (Li et al., 2012) . In a previous study, the same induction medium formulation was used for mouse ASC differentiation to a keratinocyte cell lineage (Shokrgozar et al., 2012) . Other studies reported hASC differentiation to epithelial-like cells, but only following their exposure to retinoic acid supplemented culture medium (Chan et al., 2012; Yan et al., 2013) , cocultivation with human foreskin keratinocytes in a Transwell culture system (Chavez-Munoz et al., 2013) , or by reprogramming hASCs using nuclear and cytoplasmic extracts from epidermal keratinocytes (Xie et al., 2015) .
In our study, the mesenchymal to keratinocyte phenotype transition of hASCs cultivated in specific induction medium was demonstrated by microscopy observations and expression of specific keratinocyte markers. Keratinocyte-like cell morphology and cell growth in clusters of cobblestone shapes were observed in the culture of differentiated hASCs that presented similarities to the HaCaT keratinocyte cell culture ( Figure  2A) . A good correlation between differentiated hASCs and HaCaT cells was also observed at specific marker levels. A high expression of the early differentiation epidermal marker, CK19, and a lower expression of the terminal differentiation marker, IVL, at both the protein and gene level ( Figures 2B and 3) , indicated the keratinocyte phenotype in both cell cultures. This new evidence confirms the results of previous studies regarding transdifferentiation of mouse adipose-derived cells into keratinocyte cell lineage, characterized by pan-cytokeratin, involucrin, and pancreatin expression (Shokrgozar et al., 2012) .
Reepithelialization is a very important stage during the wound healing process and is initiated by the migration and proliferation of keratinocyte cells at the wound edge (Ben Amar and Wu, 2014) . In this respect, the interaction of MSCs and their secreted factors with skin resident cells is of great interest. Recently, MSC secreted factors (secretome), such as growth factors, cytokines, and chemokines, were identified with a very important cell therapeutic potential for supporting the survival, proliferation, and differentiation of tissue resident cells (Silva et al., 2013) . On the other hand, skin cells were shown to produce and release in culture several growth factors involved in wound healing through paracrine effects (Gauglitz et al., 2012) . Several experimental models were newly developed in vitro and in vivo and were used to analyze the secretomebased interactions between MSCs and skin resident cells (Baraniak and McDevitt, 2010; Riccobono et al., 2014) .
In our study, both Transwell and direct cocultures of hASC-HaCaT cells were used as in vitro experimental models in order to investigate the cell behavior. In the Transwell system, a stimulating effect of the hASCs on cocultured keratinocyte cell proliferation was revealed (Figure 4 ). In addition, hASCs cultured in conditioned medium of HaCaT cells presented a similar trend of accelerated cell proliferation (Figure 4) . In direct contact coculture, the cell cycle analysis indicated approximately a twofold increase in hASCs and HaCaT cells in the G2/M mitotic phase as compared with corresponding monocultures (Figure 5 ), suggesting a positive effect on cell proliferation through soluble mediators secreted in the culture medium, in addition to cell-to-cell direct contact. The interaction between stem cells and keratinocyte cells could improve the wound healing process in vivo.
We confirmed previous reports obtained in coculture experimental models showing that ASCs and their conditioned medium have had stimulatory effects on human dermal fibroblasts and keratinocytes proliferation, promoting the process of skin wound healing by secretion of type I collagen, upregulation of fibronectin mRNA levels, and downregulation of MMP-1 mRNA levels (Kim et al., 2007; Lee et al., 2012) . Our observations were supported by reports on the positive interaction between ASCs and skin resident cells, dermal fibroblasts and keratinocytes, in vitro and in vivo, through the paracrine action of KGF-1 and platelet-derived growth factor, prominently expressed by ASCs and playing a role in skin wound reepithelization (Alexaki et al., 2012) . In addition, ASC conditioned medium presented antioxidant activity and antiapoptotic effects on dermal fibroblasts in vitro, exhibiting potential for control of free radical skin damage or aging (Kim et al., 2008) . The factors secreted in the ASC conditioned medium were also involved in upregulation of IL-10 antiinflammatory cytokine secretion by T helper immunoregulatory cells, taking part in the immune response modulation (Ivanova-Todorova et al., 2012) .
In conclusion, this study demonstrated that hASC differentiation into keratinocyte-like cells could be induced in vitro, using specific induction medium containing a mixture of growth factors. hASCs positively interacted with HaCaT keratinocyte cells by direct and indirect factors. The results indicated that hASCs could enable the development of new stem cell-based therapies for skin wound healing. Future studies will investigate biocompatible scaffolds for optimal stem cell delivery at the damaged site and the mechanisms of paracrine-driven cell interactions.
